Introduction
The two-accumulator self-pumping system shown in Fig. 1 operates in cycles made up of run, pressurizing, and pump phases. In the run, or heat-collection phase, liquid refrigerant is gravity fed to the collector(s) from the upper accumulator tank . Liquid exiting the collector is removed in the separator and recirculated through the reservoir to the collector. Vapor travels downward to the in-tank condenser. When the upper accumulator is empty, the pressurizing phase begins. Liquid continues to drain to the collector from the reservoir, but a float actuated mechanical valve in the upper accumulator forces the vapor to flow directly to the lower accumulator through the pressurizing line. Pressures and temperatures in the collector and lower accumulator increase until, at the beginning of the pump phase, the pressure differential between the upper and lower accumulators is sufficient to initiate the return of condensate through the return line to the upper tank. Like other passive systems, no external source of power is required, but, unlike thermosyphon systems, the heat source is above the heat sink. Elimination of the pump and controller results in a lower cost yet more reliable system. Use of refrigerant as the working fluid prevents freezing, scaling, and corrosion in the collector.
Prior experimental studies (Hedstrom and Neeper, 1985; DeBeni and Friesen, 1987; Davidson et al., 1989) and theoretical first-law studies (Walker and Davidson, 1990; Davidson and Walker, 1991) have been conducted, but a second-law assessment of entropy generation is not available. Analyses based on the second Jaw have gained acceptance as the proper Contributed by the Solar Energy Division of THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOIJRNAL OF SOLAR ENERGY ENGINEERING.
Manuscript received and accepted by the ASME Solar Energy Division , Feb. 28, 1992. Associate Technical Editor: Zalman Lavan .
way of assessing the performance of systems which convert heat to work and are also useful in comparing thermodynamic benefits of solar heating options (Bejan, 1982; Gaggioli , 1985) . A first-law analysis equates thermal energies at different temperatures as well as thermal energy to mechanical energy, and in so doing treats the quantity of energy but not the quality. Transactions of the ASME System specifications considered in this analysis are listed in Table 1 . Operating with R-123 in a two-story home, this system design minimizes life cycle cost under the rating conditions of the Solar Rating and Certification Corporation (SRCC, 1984; Davidson and Walker, 1991) . The SRCC rating procedure specifies water load and draw profiles as well as an hourly insolation profile and ambient and water main temperatures. Fixed temperatures and integrated daily energy quantities are listed in Table 2 .
ticularly important during the pressurizing and pumping phases when collector operating temperatures are elevated well above storage water temperatures to achieve the pressure increase required for lifting condensed refrigerant from the lower to upper accumulator. Higher collector operating temperatures increase entropy generation since the magnitude of thermal
Entropy Generation
As compared to mechanically pumped water heating systems, entropy generation in the self-pumping system is par- losses from the system and the temperature differences across which heat is transferred to both the storage water and the ambient are increased. However, this elevation in entropy generation is partially offset by a reduction in the entropy generated in the collector by heat transfer from sun temperature to collector operating temperature. Elevation of collector temperature, T, above storage water temperature, Ts, depends on T s due to the nonlinearity of the pressure-temperature curve of the refrigerant. Figure 2 shows (T-Ts) as a function of T s for R-123. The disadvantage of higher collector temperatures may be offset during the run phase by a change of the phase of the fluid rather than an increase in the fluid temperature. Experimental evidence has proven that increased heat-transfer coefficients in the collector and condenser, due to two-phase heat transfer, reduce absorber plate temperatures and increase collector and condenser efficiencies (e.g., Chen, 1966; DenBraven, 1989) . Moreover, entropy generated by liquid flow across a pressure difference is small because latent heat transfer results in low liquid velocities. However, vapor velocities will be higher than liquid velocities in sensible heat systems, resulting in increased pressure drop and entropy generation.
Additional mechanisms of entropy generation specific to self-pumping systems include entropy generated by an uncontrolled expansion of vapor into the upper accumulator, condenser, and connecting piping as the system changes from the pump phase to the run phase and entropy generated if the system ceases operation at the end of the day in the pressurizing or pump phases. If this happens, energy collected and used to pressurize the system during the last cycle is Jost to the surroundings as the system cools overnight. As in any solar water heating system, entropy is also generated by mixing of different temperature fluids if the hot water from the system is mixed with cold mains water in a tempering valve.
Entropy generation in the collector is, of course, much greater than other entropy generation mechanisms. Based on an order of magnitude analysis, in which the other sources of entropy generation are compared only to each other, it is shown that, under typical operating conditions, only entropy generated by heat transfer across a temperature difference and mixing in the tempering valve are significant. Fluid Friction. To assess the magnitude of frictional entropy generation compared to thermal entropy generation, consider heat and mass transfer during the run phase of the cycle. Entropy is generated by the heat transfer from the effective sun temperature, T* , to system temperature, T, by thermal losses from Tto ambient temperature, T 0 , and by heat transfer across the condenser, Qcond• from refrigerant temperature T to storage water temperature, T s. Entropy is also generated by fluid flow across the pressure difference between the collector and the condenser. It is clear that frictional entropy generation is negligible compared to entropy generated by heat transfer from T* to T, since T* is very high . It is not so obvious that frictional entropy generation is negligible compared to entropy generated by thermal losses or heat transfer across the condenser. Entropy generated by heat transfer across the condenser is given by
Qcond Qcond
Sgen,cond= -7+-y:;, (1) which is a quadratic function of Qcond since for constant heat exchanger area and heat-transfer coefficients
where UAcond is the overall heat-transfer coefficient of the condenser. Entropy generated by fluid friction is proportional to pressure drop (Bejan, 1988) , 
For saturated two-phase fog flow in a pipe, pressure drop is well represented by the product of dynamic pressure and a suitable friction factor (Tong, 1965) . Sensible heat transfer and thermal losses from the insulated pipe are neglected so that m = Qcondl h!K-Thus, frictional entropy generation is a cubic function of g cond and will become significant compared to Sgen,cond only at unrealistically high values of Qcond· Figure 3 shows that Sgen ,cond exceeds SgenJriciion by at least one order of magnitude over the typical range of Qcond for a constant UAcond of 100 W / K and a constant friction factor of 0.046. The assumption of a constant friction factor is supported by Fujiwara (1983) who shows that entropy generation in a single-phase solar system is only slightly affected by even an order of magnitude change in friction factor. Including the effects of thermal losses increases the elevation of Sgen,cond above Sgen .friction because some losses do not contribute to mass transfer (such as those from the collector), and condensation causes the flow velocity to decrease in the flow direction (losses and resulting condensation are distributed over the pipe). Thus, frictional irreversibilities in the system are neglected .
Unharnessed Vapor Expansion. Entropy is generated by an unharnessed expansion of vapor at temperature T = T s +
pgz/ (t.PI t:..1)sar upon transition from the pump phase to the run phase . A comparison of total system entropy before and after expansion shows that for a pump phase volume of 0.026 m 3 , run phase volume of 0.038 m 3 , lifting height of 6.2 m, and T s equal to 300K, this unharnessed expansion generates only 0.57 J/ K of entropy per cycle, a negligible amount compared to thermal entropy generation.
Heat Transfer Between Components of Different Temperature. Entropy generated by heat transfer between components of different temperatures upon transition from the pump phase to the run phase is 5.1 J/ K per cycle (assuming Ts= 300 K and z = 6.2 m), once again a negligible quantity compared to thermal entropy generation quantities integrated over the cycle.
Mixing Water at Different Temperatures. If the storage water temperature is greater than the water heater set temperature, entropy is generated by mixing of water exiting the Transactions of the ASME 
where in this case x is the ratio of the preheat tank mass flow rate to the total mass flow rate and T is the ratio of mains water temperature to preheat tank temperature. For fixed values of T., Tmaim and Tstt• xis found by applying conservation of energy to the tempering valve . Entropy generation calculated from Eq. (4) is plotted over a range of temperature combinations in Fig. 4 . The entropy generation rate varies from 0 w /K at T, = Tser to 10.0 W /K at T, = l00°C and Tmain = 0°C. Thus , although the integrated daily value may
Journal of Solar Energy Engineering be small due to the short duration of each water draw, the instantaneous rate of entropy generation by mixing in the tempering valve is not negligible and is included in the analysis.
Heat Transfer Across a Temperature Difference. The most important mode of entropy generation is heat transfer across a temperature difference. The flow of heat through the system is considered as an " exergy cascade" (as in Bejan, 1988) starting with the exergy of the radiant solar energy at temperature T* and end\ng with that of the thermal energy delivered to the load at temperature Tser· Irreversibilities within the system as well as thermal losses to the ambient at temperature T 0 divert exergy out of the exergy cascade. Figure 5 is a graphical interpretation of the exergy cascade.
Debate continues as to the proper vale of T* (e.g. Petela, 1964; Jeter, 1981; Bejan et al., 1981; Gribik and Osterle, 1984; Manfrida, 1985; DeVos and Pauwels, 1986; Bejan, 1987; and Shafey and Ismail, 1990 ). This temperature is the "apparent" sun temperature which accounts for the fact that solar energy comes in radiant form and that it is dilute. It can be considered as the temperature of a heat source for a Carnot engine having the same solar energy conversion efficiency (Shafey and Ismail, 1990) . Thus, the problem of determining T* is the same as that of determining the maximum conversion efficiency for the utilization of solar radiation . This investigation uses Petela's (1964) generally accepted result which gives an efficiency of 0.931037. The form of exergy referenced to the ambient temperature agreed upon by Bejan et al. (1981) and Suzuki et al. (1987) is the heat transfer rate multiplied by the Carnot efficiency to the ambient. Thus, the exergy associated with the solar radiation is (5) where q, 01 is the radiant energy incident on the collector.
Exergy is lost through optical losses and destroyed in the transfer of heat across the temperature difference (T* -n.
The exergy that escapes this diversion out of the energy cascade of Fig. 5 is
where qgain is that portion of q, 01 which escapes optical losses and Tis the temperature of the collector and other components assumed to be at the collector temperature. The exergy diverted out of the exergy cascade due to thermal losses , q 10 .., from the collector and other components to ambient is
where j is a component index. The temperature elevation required for self-pumping exacerbates entropy generated by thermal losses in two ways. By assuming losses to be a linear superposition of temperature differences, q 1 oss.i = UAi (Tj-T,) + UAi (T,-T 0 ), the difference between entropy generated by thermal losses and that which would be generated were the system to operate at a temperature near storage water temperature are estimated as
The first term in the summation represents increased entropy generation due to increased magnitude of thermal losses, and the second term represents increased entropy generation due to the fact that losses occur over a larger temperature difference than would exist in the absence of self-pumping . Equation (8) is a conservative estimate of self-pumping entropy generation since there will always be some elevation of T above T, due to finite thermal resistance across the condenser. Exergy delivered by the refrigerant at the condenser is
where Qcond is the heat transfer across the condenser. Exergy received by the storage water is
Heat-transfer coefficients in the collector and condenser play important roles since they determine both the heat transfer rates and the temperature differences across which heat is transferred. Exergy destroyed in heat transfer across the condenser, Econd, destroyed• equals (Econd,in -Econd,our) . Exergy that escapes destruction by thermal losses from the storage tank, Qioss.s• is given by E ioss,s = Jqtoss,s ( 1-;,) dt. (11) In this analysis, the storage tank is assumed isothermal.
Exergy delivered by the solar preheat system is
where Qpre is the heat delivered from the storage tank to the auxiliary heater. Finally, exergy delivery to the load is the sum of the exergy delivered by the solar preheat system and that supplied by an auxiliary heater,
According to the Guoy-Stodola theorem applied to solar collectors (Bejan et al., 1981) , maximization of the exergy output is equivalent to minimization of total entropy generation, Sgen· Total daily entropy generated in the solar preheat system excluding the tempering valve and any exergy contributions from an auxiliary heater is (14) Total entropy generated in meeting the load with exergy from both the solar system and the auxiliary heater is given by (15) where
Eaux=Edel-(Epre+Emixing).
(16) Total entropy generated is fixed by the solar insolation, water load, and water mains and load set temperatures.
Results
The preceding integrals are evaluated numerically for a single day using heat transfer rates and temperatures predicted with a first-law simulation (Walker and Davidson, 1990) of an optimized system operating under SRCC rating conditions (Davidson and Walker, 1991) . The simulation time step is ten seconds. Table 3 presents key exergy quantities in the energy cascade from sun temperature to storage water temperature.
Entropy generated in the solar preheat system excluding the tempering valve and any exergy contributions from an auxiliary heater, calculated with Eq. (14), is 0.49 MJ/ K. Total entropy generated in meeting the load, determined using Eq. (15), is 0.50 MJ/ K. The small difference is explained by the fact that 98 percent of the load is met with solar alone. Optical losses and the conversion of radiant energy to relatively low temperature thermal energy at the collector absorber plate are responsible for 87 .1 percent of the total entropy generation. This is a consequence of using high quality solar energy for domestic hot water heating. A possible remedy for this waste of exergy would be to use the solar energy for a more demanding process such as mechanical or electric power generation and supply domestic hot water from the reject heat from the power cycle. In this way, much more of the exergy could be harvested as it moves down the cascade.
Heat transfer from system temperature to water temperature across the condenser is responsible for only 2.4 percent of the total entropy generation , but represents 20.5 percent of the entropy generated after the heat has been captured by the collector . This may be reduced by decreasing the temperature difference across the condenser by increasing heat transfer area or heat-transfer coefficients.
Thermal losses from the system and preheat tank are responsible for 9.9 percent of the total entropy generation. Losses represent the largest portion (74.2 percent) of the entropy generated after the heat has been captured by the collector. Fortyeight percent of the entropy generated by thermal losses is due to self-pumping operation. The remaining 52 percent is due to the elevation of storage temperature above ambient temperature, unavoidable in any solar water heating system. As calculated from Eq. (8), self-pumping increases entropy generation due to thermal losses from the system (excluding the storage tank) by 0.022 MJ/ K for the day. Of this, 0.015 MJ/ K, or 68 percent, is due to an increase in the magnitude of losses caused by self-pumping and 0.007 MJ/ K, or 32 percent, is due to the fact that these losses occur over a larger temperature difference than they would in the absence of self-pumping. As in any solar water heater, heat loss to the surroundings may be reduced by using more or higher quality insulation and by decreasing exposed surface area. Reducing operating temperatures during pressurizing and pumping can be achieved only by reducing lifting height.
Approximately 0.7 percent of total entropy generation (5.3 percent of the thermal entropy generation) is due to mixing of hot and cold water in the tempering valve. This is an unavoidable consequence of sensible heat storage. Increasing the storage volume will reduce, but not eliminate, mixing of water streams. Mixing in the tempering valve could be minimized by storing energy in a phase change material with a transition temperature near the water set temperature.
Conclusion
A methodology is presented to calculate the exergy delivered and the entropy generated by operation of a two-phase selfpumping solar water heater. It is shown that conversion of radiation to relatively low temperature thermal energy is responsible for most of the entropy generation with thermal losses to the ambient making the next largest contribution. Self-pumping is responsible for nearly one half of the entropy generated by thermal losses. Heat transfer across the temperature difference of the condenser and mixing in the tempering valve also reduce delivered exergy.
